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Friction

ESTIMATION OF THE STATIC FRICTION COEFFICIENT
FOR PRESS FIT JOINTS

D. STAMENKOVIC*, M. MILOSEVIC, M. MIJAJLOVIC, M. BANIC

Faculty of Mechanical Engineering, University of Nis, 14 A. Medvedeva Street,
180 00 Nis, Republic of Serbia
E-mail: dusans@masfak.ni.ac.rs

ABSTRACT

The static friction force determines the strength of many different types of joints
subjected to large loads, such as press fit joints. In order to calculate the strength,
designers need to estimate the real value of the friction coefficient. The new calcu-
lation procedure based on the molecular-mechanical theory of friction is proposed
in this paper. This procedure considers roughness parameters and hardness of
contact surfaces, as well as the relationship between the deformation component
of the static friction coefficient and the total static friction coefficient determined
experimentally for specific tribological conditions. Studied tribological condi-
tions in the research are related to the press fit joints of railway vehicles drive unit
components. The results of the proposed calculation are verified by experimental
analysis and in industrial practice.

Keywords: static friction coefficient, press fit joint, real area of contact, surface
profile parameters, penetration depth.

AIMS AND BACKGROUND

Most machine designers take design of mechanisms and machines with insuffi-
cient concern for friction effects. Designers are acquainted with the fact that fric-
tion exists in all sliding systems, but they neglect it. They presume that friction
forces are much smaller than forces required for operation function. However,
in certain design situations, it is necessary to consider friction forces of devices
contact pair for accomplishing successful designs. The static friction force de-
termines the strength of many different joints which transmit large loads. Con-
sidering that, engineers need to estimate the real value of the friction coefficient

* For correspondence.
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which can be used in joints strength calculation. In most of the cases, the friction
coefficient is estimated by experimental ways and the average values for different
materials are given in the literature. ‘But remember that friction is a system effect
and not a material property.”

In the real area of contact between two solid bodies, numerous physical pro-
cesses are carried out. The difference in hardness of contact surfaces leads to
the deformation of the contact area of the softer body because tips of the surface
roughness of the harder body penetrate the surface of the softer one. The previous
statement suggests that the friction force depends on the mechanical properties of
the softer element. This dependence is very complex, because there are possible
changes of mechanical properties and mutual transition of material in the process
of achieving contact.

Generally, changes of mechanical properties (module of elasticity, hardness)
affect the friction coefficient lesser than roughness variations. It can be stated that
the increasing roughness of contact surfaces increases the static friction force, as
well as the press fit joint strength>*. In addition to mechanical properties of mate-
rials, the friction coefficient is affected by the thickness and type of surface film,
duration of the contact, mutual dissolving of materials in contact, presence of
foreign bodies in the contact area, temperature of the surrounding environment,
relative humidity, elasticity, tribosystem, etc. The complexity of friction is very
well described by Tabor and Bowden: ‘Although friction is simple to measure it
is complicated to explain™. Complex phenomena in the process of friction have
always been a challenge for tribologists, so there are numerous researches and
statements on the nature of the process of friction®°,

As the value of the static friction force represents the strength of a press
fit joint, tribological parameters have major influence on the press fit joint load
capacity” !!. Besides press fit joints, the static friction has an important role in
transport means, especially in railway and road vehicles. Regardless of the in-
stalled power of the drive units, motion of a vehicle is only possible if there is an
adequate static friction between drive wheels and the ground.

The paper'? reviews the measurement and use of static and kinetic friction
coefficients, discusses their usefulness, and describes the sources of frictional
resistances in terms of shear localisation. This is particularly true for applications
in nano-technology and others that differ from typical laboratory size scales.

The static friction and the induced nonlinear behaviour of mechanisms are
analysed in order to solve the positioning problems with extremely high preci-
sion®3,

The basic parameters of the friction process are researched in a civil engi-
neering structure with sliding bearings loaded with external forces and simulta-
neously exposed to the influence of heat, in order to perform an adequate analysis
of the static friction coefficient!*.
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In addition to the experimental analysis, the value of the friction coefficient can
be determined by calculation as well. Most authors set models for calculating the
friction coefficient on the basis of theoretical and experimental researches!s"!15-1,
These models can be both used for static and kinetic friction, but they require a lot
of experimental data. A new calculation model that is more proper for engineering
practice is described in this paper. It is based on the molecular-mechanical theory of
friction. The proposed model considers experimental research of tribomechanical
pairs at which plastic deformations exist in the real area of contact. The developed
calculation procedure is verified in industrial practice of assembling press fit joints
of railway vehicles drive units.

PRE-SLIDING MOVEMENT

Researching the static friction, Verhovski® !* introduces the term pre-sliding move-
ment as a term denoting the interval of invisible relative sliding of contact surfac-
es and the value of movement preceding the visible and stable sliding. Therefore,
the pre-sliding movement is a period of relative movement characterised by an
extensive increase of the reactive force and a small increase of movement.

Press fit joints, screw and rivet connections, all types of friction transmitters
(variators, belt transmitters, couplers), parking brakes, etc. work in the mode of
pre-sliding movement.

Figure 1 gives a schematic view of a typical press-out process of a shaft-hub
system under the act of a longitudinal force. The diagram F(¢) shows that force in-
creases from point O to point A, where the maximum value of the press-out force
is achieved. That is the static friction force (F)). After this point, the force rapidly
decreases from point A to point B, and in point B it reaches the value of kinetic
friction force (F,). The initial part of diagram OA represents an increase of the
force without separation of parts,
while the part of the movement

diagram s(f) performed in this A
period presents the pre-sliding  F |/~ - |
movement. The part of diagram |\ _ /i\B

AB, where the force decreases
from the static force to the ki-
netic friction force, points to the
relative sliding of the compo-
nents of the press fit joint, which
can be seen as a jump in the
movement diagram. After point 0
B, the force continuously de- time

clines up to point C until the end Fig. 1. Schematic presentation of the press-out process
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A of the press-out process, with a relatively stable
increase of the movement. Figure 1 also gives
an enlarged segment of the process at the time
of the sliding start. There one can see that the
force retains the value of the static friction force
(F) for a short time period and then decreases to
n the value of the kinetic friction force (F)). This

process is followed by an intensive increase of
. movement.

0 A movement Verhovski thoroughly researched the phe-
Fig. 2. Hysteresis loop in the pre-slid- nomenon of the pre-sliding movement up to the
ing phase start of sliding. He determined that there is a di-

rect proportionality between the tangent force
and the movement, but only at the beginning of the pre-sliding movement. Ap-
proaching the macro-movement of the frictional joint, the linear dependence be-
tween the force and movement disappears because the micro-movement grows
faster and the functional dependency between them becomes nonlinear® *. The
hysteresis loop (Fig. 2) is also noticed in the period of the pre-sliding movement.
A body, subjected to a tangent force, reaches position P. If then the tangent force
is reduced to zero, then the body returns in the reverse direction (m). However, the
body does not return to the initial position, but stops at some distance OA in the
direction of the acting force. That is, the return of the body is not complete. There
is a lag in the direction of the tangential force. If the same tangent force acts again,
then the body moves (n) to the initially achieved position P.

In this way an important effect of the static friction has been determined:
there is an accumulation of energy during the pre-sliding movement, but simul-
taneously with the accumulation there is also some energy dissipation. The dis-
sipation appears in the pre-sliding movement region and it is the main reason why
the so-called hysteresis losses exist. The existence of the hysteresis loop shows
that the static friction, i.e. the friction in the mode of pre-sliding movement, is a
reversible process in some extent.

force

SOLID CONTACT SURFACE

It is important to understand what a solid surface looks like and how it is de-
formed when a similar surface is pressed on to it and then slid over it. Bowden
said’: ‘Putting two solids together is rather like turning Switzerland upside down
and standing it on Austria. The area of intimate contact will be small.’

Real surfaces of metal parts are rough. Most engineering surfaces are pre-
pared by turning or milling and finished by grinding or polishing. The surface
material in the contact area is heavily deformed and as a result the surface layer
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is often harder than the material below the surface. On top of this deformed mate-
rial, if the metals are reactive, a layer of metal oxide is formed and this is covered
with absorbed molecules of oxygen and water vapour.

The mostly used method of measuring surface roughness is the stylus meth-
od. The basic roughness parameters are determined according to international
and national standards such as ISO 4287 and ASME B46.1 and similar. The most
common roughness parameters are: arithmetical average deviation of the assessed
profile (R ), maximum profile peak height (Rp), average maximum height of the
profile (R ), maximum roughness depth (R ), and profile bearing ratio (tp).

According to Kombalov® " 15, the surface roughness can be very well de-
scribed with the complex roughness parameter A, which is calculated by the fol-
lowing expression:

R
A=—me 0))
b
where 7 is the geometric mean value of roughness tips radius in the transverse (rp)
and lateral direction (r):

r:\/rTru. 2

The values of the constants b and v depend on the distribution of the material
in the rough surface layer. They can be determined by recording the surface pro-
file with special tribometric measuring devices. The value of the constant b usu-
ally ranges within 2 to 4, while the value of the constant # is between 1.5 and 3.

If the values of the roughness parameters R, R, and Rp are known, then the
values of the constants b and v can be calculated using the following expressions:

Rma)( V
b=t, [R—pJ 3

RP
V=2, @)

m
a

where ¢ represents the value of the profile cut-off on the medium line of a profile.

In expressions (3) and (4), the parameter values R, R, R and¢_are taken as
mean values obtained by measuring on at least 5 sampling lengths of the surface
profile.

STATIC FRICTION COEFFICIENT

Friction has been a research subject of many scientists during the last five centu-
ries. The knowledge about friction has been developing since Leonardo da Vinci
and its fundamental principles about friction in 1495, followed by Newton, Amon-
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ton and Desaguliers, Euler, Coulomb, Tomlinson and many others. The most
widely accepted friction theories are the Adhesion theory of friction of Bowden
and Teibor and Molecular-mechanical theory of Krageljski. A historical review of
development of scientific thought about friction is given in literature® >,

The molecular-mechanical theory of friction has been developed on the basis
of topological analysis of contact surfaces and determination of mechanical prop-
erties of tribo-pair elements® ™, Tips of the surface roughness of the harder body
penetrate the surface of the softer one in real contact conditions of 2 bodies. The
intensive shear deformation of asperities of the surface layer of the softer body
occurs during the process of relative sliding. The opposing force to that deforma-
tion is called the deformation component of the friction force. At the same time a
force that opposes sliding occurs as well. This force comes from intermolecular
interaction in the area of contact. It is called the molecular component of the fric-
tion force. Finally, the total friction force that occurs in the real area of contact of
a tribo-mechanical system is the sum of molecular and deformation force com-
ponents:

F,=F,+F, ®)

The values of friction coefficient highly depend on the type of deforma-
tions in the real area of contact and geometric contours of microirregularities.
Deformations in the area of real contact are determined by mechanical proper-
ties of touching solids, the load and the microtopography of contact surfaces. In
the areas of real contact, the following types of deformations may occur: elastic,
elastic-plastic and plastic. The most common are elastic-plastic ones. However,
in many cases for the purpose of calculation, it can be assumed that only elastic
deformations occur in the real area of contact on surfaces with surface roughness
R < 0.2 pm at contour pressures p_< 100 daN/cm?, or only plastic deformations
on surfaces with surface roughness R > 0.8 um at contour pressures p_> 100 daN/
cm?. Interactions of solids during elastic-plastic deformations are not researched
sufficiently® 15,

Plastic deformations in contact area appear when the mean value of the nor-
mal stress reaches the value of yield stress. Then, the value of the relative penetra-
tion depth is®:

2
£:5.4(1—v2)2[£j , ©)
r E

where /4 is the depth of the penetration of asperities of the harder body into the
contact layer of the softer body; » — the mean value of tips radius of asperities of
the harder body; £ — elasticity module of the softer body; v — the Poisson coef-
ficient of the softer body; HB — hardness of the material of the softer body.

In the case of plastic deformations in the area of contact when all (or nearly
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all) asperities are in contact, that is, in the case of saturated plastic contact, the
friction coefficient is determined by the expression® 7 1°:

b
% nlPC
M_HB+[3+0.9A (HB) , (7

where 7, and B are experimentally determined frictional constants; p_— contour
pressure obtained in the contact. Equation (7) is valid for the bearing area curve
of a surface roughness profile characterised by parameters » = 2 and v = 2 ob-
tained by the most common machining processes.

Considering the fact that the total friction coefficient is the sum of molecular
and deformation components, for press fit joints with unsaturated plastic contacts,
a simplified formula is used for calculation of the static friction coefficient® '°:

p, Y
W= My, = by, + 0502 [@j . ®)

Equation (8) considers the basic parameters of a tribo-pair: constructive char-
acteristics (p,), the quality of surface machining (A) and material properties (HB)
for the deformation component and tribological conditions (the type of the lubri-
cant is the most important parameter) for the molecular component of the friction
coefficient.

The theoretical determination of the value of the molecular component of the
friction coefficient is not successful enough due to a large number of influential
factors that are difficult to be determined. That is the reason why the molecular
component m_ should be determined experimentally’.

ESTIMATION OF THE STATIC FRICTION COEFFICIENT FOR PRESS FIT JOINTS

The experimental determination of the molecular component of the friction coef-
ficient needs very complex procedure that requires very specific laboratory equip-
ment which is not widely available, so it is not suitable for engineering practice.

In order to simplify the procedure for the estimation of the static friction
coefficient the new calculation procedure is proposed based on the knowledge of
interrelation of values of the molecular and deformation component of the static
friction coefficient. This interrelation depends on the type of deformations in
real contact areas and it is, for assemblies of steel parts, mainly p/u_ = 0.6-1.5
(Ref. 7). The deformation component can be calculated based on the knowledge
of the mechanical characteristics of the material and roughness parameters® ” 1°,
Therefore, the problem of calculating the total static friction coefficient is reduced
to the determination of the correlation between the molecular and deformation
component of the friction coefficient. In this way, the complex experimental de-
termination of the molecular component is avoided.
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Hence, the new proposed calculating procedure requires the measured pa-
rameters of roughness and hardness of contact surfaces, as well as the ratio of the
molecular and deformational components of the friction coefficient that can be
obtained experimentally in real friction conditions®°.

For the contact of steel surfaces with plastic deformations in the real area of
contact, which is the case in press fit joints of large load capacities, the total value
of the static friction coefficient can be calculated according to the new expression
that simplifies expression (8):

Y
h=ka' [%] , ©)

where £ is the coefficient that depends on the type of machining, roughness of
contact surfaces and correlation of surface hardness of assembled parts, the value
of the surface pressure, as well as the lubricant. The value of the coefficient k&
should be experimentally determined in tribological conditions that correspond to
exploitation conditions. The penetration depth of asperities of the harder element
into the surface layer of the softer element has the greatest impact on the value
of the friction coefficient. For calculating the value of the penetration depth, the
following approximate formula’ is used:

%
h~34R, [%j (10)

where p is the real pressure in the contact area. Its maximum value, based on previ-
ously exposed statements, is equal to the hardness of the softer element (p, = HB).

The proposed procedure for determining the static friction coefficient and
necessary data are presented in Table 1 (indices o and i denote the outer and inner
part, respectively).

During the process of assembling bodies with the curved shape of the body,
such as spherical and cylindrical bearings, as well as with flat surfaces of small
dimensions, the impact of the specific normal load significantly affects the value
of the friction coefficient. This is because the asperities of surfaces are less ex-
hibited and the nominal area of the contact is proportional to the contour area®.
In that case, for tribological conditions that exist in press fit joints, the contour
pressure (p ) can be considered as the nominal contact pressure.

EXPERIMENTAL VERIFICATION OF THE NEW CALCULATION PROCEDURE

In order to validate the new calculation procedure and to determine the functional
dependence between the coefficient £ and the depth of the penetration 2 experi-
mental analyses were performed. In the first experiment, the samples with differ-
ent surface roughnesses were used. Based on the experimental results, the curve
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Fig. 3. Dependence of coefficient ig
k on the penetration depth £ <16 :
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of the coefficient k£ depending on the penetration depth was generated (Fig. 3)
(Ref. 9). This dependence is valid for tribological conditions, boundary lubrica-
tion by applying the lubricant Loctite Wheel Mount and the contour pressure of
about 100 N/mm?. These tribological conditions correspond with press fit joints
of drive unit components of railway vehicles.

In order to validate the new calculation procedure (Table 1) and to determine
the static friction coefficient, samples of press fit joints were prepared for the sec-
ond experiment. The shape and dimensions of a press fit joint sample are shown
in Fig. 4. The inner part was made of steel 42CrMoS4 and the outer part of steel
C40E. Different surface hardnesses of samples were performed by different heat
treatments. The final machining process of the samples was turning or grinding.

Table 1. The proposed procedure for calculating the static friction coefficient

Calculation phase Neccesary data
Input data contour pressure: p ;
surface hardness: HB, HB ;
roughness of contact surfaces:
t

ai® * maxi® ~ pi’ “mi
9 2 9 t
ao maxo po mo
Determining the constant 2
v=2t, -1
a
Determining the constant b v
R
b=t | —/=
RP
Determining the complex parameter of roughness A R
A = max
b
Determining the penetration depth / 1
h~3.4R, | P
HB
Determining the coefficient & the value is experimentally determined

Determining the friction coefficient

b
()
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Before assembling, the contact surfaces of all samples were lubricated by
the lubricant Loctite Wheel Mount. The pressing-in process was performed on a
hydraulic press.

The proposed calculation procedure was carried out on 21 pairs of experi-
mental samples of shafts and hubs press fit joints. Initially, the surface roughness
and hardness of the samples were measured. The surface hardness was measured
according to the method of Brinel and the surface roughness was measured by a
profilometer. Then, the contour pressure was calculated as contact pressure based
on the measured fabrication tightening values and known mechanical properties
of materials®®. The value of the complex roughness parameter D was calculated
according to expression (1), based on the measured values of the surface rough-
ness parameters (R, R, R . and ¢ ). After defining all of the necessary param-
eters, the calculated friction coefficient was determined according to formula (9).

For validation purposes the obtained calculated values of the friction coef-
ficient were compared with the experimentally determined friction coefficient ob-
tained during the pressing-out process of press fit joint samples of shafts and hubs
on a hydraulic press. The typical force — movement diagram of the pressing-out
process of the experimental sample numbered A17 is shown in Fig. 5.

The experimentally determined friction coefficient represents the ratio of the
measured maximum press-out force that represents the static friction force F and
normal load N, given by expression

_E__FR_ 1
BN 7 poad ()

where d is the diameter of the press fit joint, and / — the length of the press fit joint.
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Data on the tested experimental samples of shaft-hub press fit joints are
shown in Table 2.

The analysis of the results in Table 2 shows that despite the similar values
of tightening of all press fit joint samples and identical tribological conditions

Table 2. Data on the tested experimental samples of press fit joints

Calculated Experimentally Relative

Sample D, HB A h frictif)n d?termined .fric- error,
(N/mm?) (N/mm?) (um) coefficient, tion coefficient, €
H K, (%)

1 111.02 2099 0.22033 2.350635 1.06 0.2386 0.1934 - 19.0
2 113.89 2129 0.18435 2.115875 1.06 0.2189 0.1747 -20.2
3 107.38 2129 0.13622 1.86104 0.95 0.1661 0.1802 +8.4
4 112.4 2099 0.1419 1.821555 1.045 0.1894 0.1957 +34
5 103.38 2021  0.14713  1.996134 1.08 0.1970 0.2242 +13.8
6 86.35 2021  0.14119 1.891898 1.08 0.1845 0.2258 +22.4
7 124.22 2384 0.10669 0.610159 1.175  0.1834 0.1411 -23.1
8 12436 2462 0.12626 0.61646 1.17 0.1971 0.1533 -222
9 116.11 2698  0.14281 0.703713 1.16 0.1997 0.1734 -13.1
10 113.24 2462 0.12863 0.585333 1.173  0.1948 0.1482 -139
11 94.24 2531  0.13467 0.534196 1.185 0.1910 0.1534 -19.7
12 94.84 2531 0.09603 0.523936 1.19 0.1622 0.1916 +18.1
13 9096 2080 0.111896 1.798673 1.07 0.1637 0.1883 +15.0
14 93.97 1913 0.079703 0.722938 1.15 0.1621 0.1960 +20.9
15 110.02 1913 0.094529 1.536964 1.083  0.1631 0.1575 -34
16 110.8 2080 0.060198 1.165298 1.115 0.1315 0.1228 -6.5
17 110.36 1952 0.10994 1.711105 1.08 0.1747 0.1509 -13.6
18 92.85 1893  0.073281 1.333039 1.13 0.1440 0.1626 +12.9
19 97 1834  0.065176 1.277503 1.125  0.1377 0.1462 +6.2
20 103.41 1776  0.040256 0.791435 1.14 0.1124 0.1389 +23.7
21 944 1834  0.102159 1.544516 1.083 0.1649 0.1670 +14
Average value: 0.1751 0.1707 -0.9
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during the experiment a wide range of experimentally determined static friction
coefficients is obtained (from 0.123 to 0.226). It is also observed that, generally,
there is a strong correspondence between calculated and experimentally obtained
values of static friction coefficients, which indicates that the proposed procedure
for calculating the static friction coefficient is reliable enough for using at press fit
joints with significant load carrying capacity. Relative errors that occur between
calculated and experimentally determined static friction coefficients are in the
range of —23 to +24%, which are significantly less than the variations that would
be obtained if an unique value of the friction coefficient, according to recommen-
dations from the literature, would be adopted for all experimental samples.

During experimental analysis certain characteristics related to the static fric-
tion coefficient were observed, which could be utilised in engineering practice.
Especially, it is very important to know the type of the deformation in the real
area of contact. If the plastic deformation exists in the real area of contact, the
penetration depth represents an important tribological parameter which depends
on the roughness parameter and hardness of the contact surfaces. Depending on
the value of the penetration depth, the ratio between the deformation component
of the static friction coefficient and the total static friction coefficient can be es-
timated. Based on the experimentally obtained data, a graph of the ratio between
the deformation component of the static friction coefficient and the total static
friction coefficient in the function of the value of the penetration depth was gener-
ated (Fig. 6). It is obvious that increasing the penetration depth increases the share
of the deformation component in the total friction coefficient.

0.90

0.80
<070
=
2 0.60
o
0.50 Fig. 6. Ratio between the deforma-
0.40 tion component and the total static
7000 1.00 200 300 400 500 6.00 friction coefficient in the function
penetration depth (um) of the penetration depth value
- 025
5
£ 020
8
S
8015
E Fig. 7. Dependence of the static
i 0.10 friction coefficient p and the com-
0.00 0.05 0.10 0.15 0.20 0.25 0.30 plex roughness parameter A at

complex roughness parameter A press fit joints
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Furthermore, the complex roughness parameter, as a parameter that consid-
ers the profile bearing area curve, has a significant impact on the value of the
static friction coefficient. Therefore, it is important to determine the dependence
of the static friction coefficient and the complex roughness parameter. Figure 7
shows the dependence of the static friction coefficient and the complex roughness
parameter at press fit joints, which was obtained in the described research.

CONCLUSIONS

The static friction force determines the strength of many different types of joints
which are subjected to great loads, such as press fit joints. The static friction coef-
ficient has large interval of values and depends on many parameters: mechanical
characteristics of material, lubricant type, surface roughness and hardness, pres-
ence of impurities, contact duration and so forth. The influence of these param-
eters significantly depends on the type of deformations in the real area of contact.

In order to calculate the strength of a joint, designers need to estimate the
real value of the friction coefficient. They usually use average values of the fric-
tion coefficient that are estimated experimentally and presented in literature for
different materials. In this way, they could make significant errors in design, be-
cause friction is not a material property, but a system effect that depends on spe-
cific tribological conditions. Numerous authors deal with different approaches
in determining the value of the static friction coefficient. But, those approaches
require many experimentally data, that is not suitable in engineering practice. In
order to simplify the estimation of the static friction coefficient this paper gives a
new calculation procedure based on the molecular-mechanical theory of friction.
It requires besides measured data of contact surface roughness and hardness only
one experiment to be carried out in order to determine the relationship between
the deformation component of the static friction coefficient and the total static
friction coefficient for specific tribological conditions. This is more convenient
for applied engineering.

The proposed calculation procedure was verified by experimental analysis of
press fit joints of railway vehicles drive unit components. The presented calcula-
tion procedure was implemented for experimental samples of press fit joints in
which plastic deformations occurred in the real area of contact. Calculated val-
ues of the friction coefficient were compared with the experimentally determined
ones. It was concluded that there was a strong correspondence between the cal-
culated and experimentally determined values of the static friction coefficients.
The average relative error was around 1%, while the dispersion was in the order of
+20% which is highly acceptable for engineering practice. The proposed calcula-
tion procedure was effectively applied in industrial practice for assembling press
fit joints of drive unit components of railway vehicles.
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ABBREVIATIONS

b — constant

d — diameter of press fit joint (mm)

E — elasticity module (N/mm?)

F —force (N)

F, — deformation force component (N)

F, — kinetic friction force (N)

F,_— static friction force (N)

F - friction force (N)

F_ —molecular force component (N)

h — penetration depth of asperities (um)

HB — surface hardness

k — experimentally determined coefficient

/ — length of press fit joint (mm)

N —normal load (N)

p, — contour pressure (N/mm?)

p, — real pressure in contact area (N/mm?)

r — geometric mean value of roughness tips radius in the transverse and lateral direction (um)
R, — arithmetical average deviation of the assessed profile (um)
R —maximum roughness depth (um)

R - maximum profile peak height (um)

- radius of roughness tips in transverse direction (uLm)
R - maximum profile peak height (um)

r,—radius of roughness tips in lateral direction (um)

R, — average maximum height of profile (um)

s —movement (mm)

t —profile cut-off on the medium line of profile (um)
- profile bearing ratio (um)

B — experimentally determined frictional constant

A — complex roughness parameter

¢ —relative error

u — friction coefficient

p, — calculated friction coefficient

u, — deformation component of static friction coefficient
u,, — molecular component of static friction coefficient
H,— experimentally obtained friction coefficient

W, — static friction coefficient

v — the Poisson coefficient

1, — experimentally determined frictional constant (N/mm?)
v — constant.
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